Abstract: A total of 125 crossbred pigs with an initial body weight (BW) of 7.66 ± 1.30 kg were randomly distributed into one of five dietary treatments. Each treatment had five replicate pens with five pigs per pen. Treatments were as followed: (1) CON, control diet; (2) zinc oxide (ZO), CON + 0.3% ZO; (3) ZOM, CON + 0.3% ZO + 0.1% microencapsulated organic acids and pure botanicals (MOP); (4) microencapsulated zinc oxide (MZO), CON + 0.03% MZO; and (5) MZOM, CON + 0.03% MZO + 0.1% MOP. The MZO group had higher (P = 0.03) final BW than ZO group and also had higher (P = 0.04, 0.01) average daily gain and gain/feed ratio compared with ZO group during days 15-34 and throughout the experimental period. The MZO and MZOM had higher (P < 0.05) apparent total tract digestibility (ATTD) of dry matter (DM) and energy than ZO. Less (P < 0.05) feces Escherichia coli shedding was observed in the ZOM and MZOM diets compared with CON; the MZO had lowered (P = 0.001) zinc level in feces than ZO and CON. In conclusion, results indicated that supplementation with 0.3% MZO could improve the growth performance and ATTD of DM; inclusion of 0.1% MOP could decrease feces E. coli shedding and also decrease the zinc level in feces in weanling pigs.
Introduction
Zinc is an essential dietary nutrient for swine. High doses of zinc oxide (ZO) (2500-3000 mg zinc per kilogram of feed) added to feed have been used as a preventative measure against postweaning diarrhea. Feeding zinc to weaned piglets has been demonstrated to reduce diarrhea incidence and to improve growth rates (Wang et al. 2010) . Dietary supplementation with ZO has a beneficial effect on the stability of the intestinal microflora of weaned piglets (Owusu-Asiedu et al. 2003) and morphology of their small intestine -increased height of villi in comparison with the depths of crypts (Hedemann et al. 2009 ). We hypothesized that microencapsulated ZO (MZO) can improve the availability in the gastric intestinal tract, which may lead to the improvement of growth performance, nutrient digestibility, and stimulate the microbial concentration in feces. Even high doses of traditional ZO have a positive effect on growth performance and improve the intestine in postweaning pigs; however, it has some adverse impacts on environmental pollution and destruction of cultivated land, and cause a dependence, and high doses of zinc could affect the absorption of cooper and iron. So there is a need to find a new form of zinc to reduce the amount in supplementation.
Many studies have been conducted to identify alternatives to antibiotics as growth promoters in the animal industry (Cho et al. 2006) . Recently, the use of acidifiers as potential alternatives to antibiotics in the diets of farm animals has been evaluated, and many studies have confirmed their positive effects on growth performance in postweaning pigs (Partanen and Mroz 1999) and poultry (Dibner and Buttin 2002) . Previous studies have demonstrated that essential oils have beneficial effects such as antiviral (Wenk 2003) , antimicrobial (Yu et al. 2004) , antioxidant (Deans et al. 1993) , antiseptic (Lawrence and Reynolds 1984) , stimulating enzyme activity (Jang et al. 2004) , and immune function (Wenk 2003) in livestock. But essential oils are oxidized and volatized easily, and active substances have variability and complexity, so they can lead to differences in results; their stability is improved by preparation processes, such as vacuum freeze-drying technology and microcapsule technology.
Microencapsulated is a kind of microcontainer or packaging which has polymer wall. Microcapsule granulation technology contains a type of particle in the product technology that can be made solid, liquid, or gas embedding, sealed in a tiny capsule. It can reduce the material vitality, disguise the odor, and improve the material stability. And because the microencapsulated diameter level ranges from millimeter to the micron, it is easier for the animals to absorb and utilize the material.
Therefore, this study was conducted to evaluate the effect of MZO on growth performance, nutrient digestibility, blood profiles, feces condition, and zinc level of feces in weanling pigs compared with traditional ZO, and to evaluate the effect of supplementation of microencapsulated organic acids and pure botanicals (MOP) together with MZO.
Materials and Methods
The experimental protocol used in this study was approved by the Animal Care and Use Committee of Dankook University.
Animals and facilities
The experimental protocol used in this study was approved by the Animal Care and Use Committee of Dankook University. A total of 125 crossbred pigs [(Yorkshire × Landrace) × Duroc); 21-d-old] with an initial body weight (BW) of 7.66 ± 1.30 kg were assigned randomly to five dietary treatments based on their sex and BW in this 34 d feeding trial. Each pen housed five pigs (two gilts and three barrows), and there were five pens per treatment. All pigs were housed in a temperature controlled room. Each pen was equipped with a onesided, stainless-steel self-feeder, and a nipple drinker that allowed pigs ad libitum access to feed and water. Individual pig BW and pen-based feed intake were recorded at days 14 and 34 of the experiment to determine average daily gain (ADG), average daily feed intake (ADFI), and gain/feed (G/F) ratio.
Dietary treatments
Treatments were as followed: (1) CON, basal diet; (2) ZO, CON + 0.3% ZO; (3) ZOM, CON + 0.3% ZO + 0.1% MOP; (4) MZO, CON + 0.03% MZO; and (5) MZOM, CON + 0.03% MZO + 0.1% MOP. Microencapsulated zinc oxide is a product with low environmental impact ZO from VetAgroSpA (Zincoret S, Reggio Emilia, Italy). Microencapsulated organic acids and pure botanicals are a product with blends of organic acids and pure botanicals from VetAgroSpA (Aviplus®-S, Reggio Emilia, Italy), containing 25% citric, 16.7% sorbic acids, 1.7% thymol, and 1.0% vanillin. All nutrients in diets were formulated to meet or exceed the recommendation of NRC (2012) for weaned pigs (Table 1) .
Sampling and measurements
Apparent total tract digestibility (ATTD) of dry matter (DM), nitrogen (N), and gross energy was determined using chromic oxide (Cr 2 O 3 , 2 g kg −1 ) as an inert indicator. Pigs were fed diets mixed with chromic oxide on days 7 and 28. Fresh feces grab samples randomly collected from 2 pigs per pen (10 pigs per treatment) on days 14 and 34 were mixed and pooled, and a representative sample was stored in a freezer at −20°C until analyzed. Before chemical analysis, the feces samples were thawed and dried at 50°C for 72 h, after which they were finely ground to a size that could pass through a 1 mm screen. All feed and feces samples were then analyzed for DM and N following the procedures outlined by the AOAC (2000). Chromium was analyzed via UV absorption spectrophotometry (Shimadzu UV-1201, Shimadzu, Kyoto, Japan) following the method described by Williams et al. (1962) . The gross energy in the feed and feces was determined using a calorimeter (Mode 1241, Parr Instrument Co., Moline, IL, USA).
At 0800 and 2000 on days 1-7, the feces score was evaluated and recorded. The feces score was determined by the average value of five pigs of each pen by using a five-grade score system (Hu et al. 2012) . The standard of this system is as follows: 1 = hard, dry pellets in a small, hard mass; 2 = hard, formed stool that remains firm and soft; 3 = soft, formed, and moist stool that retains its shape; 4 = soft, unformed stool that assumes the shape of the container; and 5 = watery, liquid stool that can be poured. Scores were recorded on a pen basis following observations of individual pig and signs of stool consistency in the pen.
At the beginning and the end of the second and fifth weeks, 2 pigs (10 pigs per treatment) were randomly chosen from each pen and bled via jugular venipuncture to obtain blood samples. White blood cell (WBC), red blood cell (RBC), and lymphocyte counts were analyzed using an automatic blood analyzer (ADVIA 120, Bayer Corp., Tarrytown, NY, USA). All blood samples were then centrifuged for 15 min at 3000g and 4°C to separate the serum, after that the immunoglobulin G (IgG) was analyzed using nephelometry (Dade Behring, Marburg, Germany).
Feces samples were randomly collected directly via massaging the rectum of two pigs in each pen (one gilt and one barrow) at the end of the experiment, and then pooled and placed on ice for transportation to the laboratory, where analysis was immediately carried out. One gram of the composite feces sample from each pen was diluted with 9 mL of 1% peptone broth (Becton, Dickinson and Co., Franklin Lakes, NJ, USA) and then homogenized. Viable counts of bacteria in the feces samples were then conducted by plating serial 10-fold dilutions (in 1% peptone solution) onto MacConkey agar plates (Difco Laboratories, Detroit, MI, USA) and lactobacilli medium III agar plates (Medium 638, DSMZ, Braunschweig, Germany) to isolate the Escherichia coli and Lactobacillus, respectively. The lactobacilli medium III agar plates were then incubated for 48 h at 39°C under anaerobic conditions. The MacConkey agar plates were incubated for 24 h at 37°C. The E. coli and Lactobacillus colonies were counted immediately after removal from the incubator.
The feces samples were prepared for mineral analysis by a modified dry ash method (AOAC 2000) . Approximately 3.0 g of sample was ashed overnight at 600°C in an Isotemp Muffle Furnace (Fisher Scientific, Pittsburgh, PA, USA). The ashed sample was then gently boiled for 20 min in 40 mL of 4 mol L −1 hydrochloric acid (Cat. No. A508; Fischer Scientific, Pittsburgh, PA, USA). The solution was allowed to cool and then filtered (Fisherbrand P8 qualitative filter paper; Fischer Scientific, Pittsburgh, PA, USA) and diluted for analysis of zinc content using an atomic absorption spectrophotometer (Model S11; TJA Solutions, Franklin, MA, USA). 
Statistical analysis
Data were analyzed using a randomized complete block design following general linear model procedures in SAS version 9.4, with each pen being used as the experimental unit (SAS Institute Inc., Cary, NC, USA). The means of the treatments were compared by Duncan's multiple range test. ZO and MZO groups as well as MOP and non-MOP groups and their interaction were compared by the contrast procedure. Variability in the data was expressed as the standard error and the selected level of significance was ≤ 0.05.
Results

Growth performance
The effects of supplementation of ZO and MZO together with microencapsulated organic acids on growth performance in weanling pigs are showed in Table 2 .
In the present study, pigs fed 0.03% MZO had higher (P = 0.03) final BW than pigs fed 0.3% ZO and also had higher ADG (P = 0.04) and G/F (P = 0.01) compared with pigs fed 0.3% ZO during days 15-34 and throughout the experimental period. The ADFI and feces score were unaffected (P > 0.05) by dietary treatments throughout the experimental periods.
Nutrient digestibility
The effects of supplementation of ZO and MZO together with microencapsulated organic acids on nutrient digestibility in weanling pigs are showed in Table 3 .
Pigs fed MZO and MZOM had higher (P < 0.05) ATTD of DM and energy than those fed ZO at 32 d. Moreover, pigs fed 0.03% MZO had higher (P = 0.01) ATTD of energy than pigs fed 0.3% ZO at the same day. There is no difference (P > 0.05) in ATTD of N among dietary treatments.
Blood profiles
The effects of supplementation of ZO and MZO together with microencapsulated organic acids on blood profiles in weanling pigs are showed in Table 4 .
There was no difference (P > 0.05) on RBC, WBC, IgG concentrations, and lymphocyte percentage among dietary treatments at either phase of the experiment.
Feces microbial shedding and feces score
The effects of supplementation of ZO and MZO together with microencapsulated organic acids on feces microbial shedding and feces score in weanling pigs are showed in Table 5 .
Feces E. coli shedding was decreased (P < 0.05) in pigs fed ZOM and MZOM diets compared with pigs fed CON diet. Dietary supplemented with 0.1% MOP had lower (P = 0.01) feces E. coli shedding compared with pigs fed non-MOP diet. No difference was observed in feces Lactobacillus counts among treatments (P > 0.05). Supplementation of traditional ZO or MZO together with microencapsulated organic acids could significantly increase the feces score in weanling pig compared with control group (P > 0.05).
Feces zinc concentration
The effects of supplementation of ZO and MZO together with microencapsulated organic acids on feces Note: BW, body weight; ADG, average daily gain; ADFI, average daily feed intake; G/F, gain/feed ratio; CON, control; SE, standard error. zinc concentration in weanling pigs are showed in Table 6 .
Pigs fed 0.03% MZO had a lower zinc level (P = 0.001) in feces than pigs fed 0.3% ZO and CON.
Discussion
Growth performance
Zinc is the second most abundant transition metal in biological systems (Suhy et al. 1999) . Pharmacological concentrations of ZO (2500-4000 mg kg −1 ) have been demonstrated as effective for promoting postweaning pig growth performance (Hill et al. 2001) . Pérez et al. (2011) also showed a positive response to ZO on ADG during the first week postweaning. In our study, supplement traditional ZO in diet could not affect the growth performance, but results showed that coated ZO supplementation increased the final BW, ADG, and G/F ratio compared with traditional ZO treatment, which may be explained by the increased energy digestibility of pigs fed the coated ZO diet. Partanen and Mroz (1999) reviewed 35 published experiments, and reported that formic acid, formate salts, fumaric acid, and citric acid improved the growth and feed efficiency. As acidifiers, organic acids supplementation improved growth performance in pigs (Wang et al. 2009 ). Grilli et al. (2010) also reported that microencapsulated mixture (organic acids and natural identical flavors) supplementation improved growth performance of weanling pigs. However, in our study, the growth performance was not affected by the microencapsulated organic acid inclusion, but it has an Note: Means within a column not sharing a lowercased letter differ significantly at the P < 0.05 level. SE, standard error; CON, basal diet; ZO, CON + 0.3% ZO; ZOM, CON + 0.3% ZO + 0.1% MOP; MZO, CON + 0.03% MZO; and MZOM, CON + 0.03% MZO + 0.1% MOP. increased trend on low zinc level diet. Previous studies demonstrated no effect of dietary essential oils supplementation was observed on growth performance in pigs (Janz et al. 2007 ).
Nutrient digestibility
It has been demonstrated that supplementation of 3000 mg kg −1 ZO improves small intestinal health by increasing the villus height to crypt depth ratio compared with pigs fed the same diet without ZO supplementation (Li et al. 2001 ). There was a similar result that added 3000 mg kg −1 ZO could increase the villus height, decrease crypt depth, and increase the ratio of villus height to crypt depth (Li et al. 2006) . In this study, the low-level zinc from microencapsulated could significantly increase the energy digestibility and DM digestibility compared with traditional high-level zinc, but there was no significant difference on N digestibility. And added microencapsulated mixture of organic acid and essential oil together with traditional ZO or MZO could increase energy digestibility and DM digestibility, and the N digestibility has an increased trend. Because organic acids influence mucosal morphology, stimulate pancreatic secretion, and improve protein digestibility by lowering gastric pH, they consequently increase pepsin activity, as well as increasing absorption and retention of many dietary nutrients (Partanen et al. 2007) . Moreover, previous studies have already shown that essential oils are capable of stimulating enzyme activity (Platel and Srinivasan 1996) . In this study, the mixture of organic acid and essential oil supplementation improved DM digestibility, which is in line with Wang et al. (2009) Blood profiles Prasad (2002) reported that zinc supplementation could affect the blood WBC, IgG, and lymphocyte concentration, and thus improve the immune response in animals. Organic acids supplementation also increased blood lymphocyte and WBC concentration (Ravindran and Kornegay 1993) in pigs. Previous studies have already proved that essential oils are capable of stimulating immune function (Wenk 2003) . However, in the present study, traditional high-level or microencapsulated low-level ZO or together with microencapsulated mixture (organic acids and essential oils) could not affect the blood profiles in weanling pigs. This inconsistency may be caused by different feed composition, ages of pigs, and hygiene status.
Feces microbial shedding and feces score
The weaning period of pigs is frequently associated with infectious disease and diarrhea (Deng et al. 2009 ). Zinc is essential in the prevention of pathogen infection (Scott and Koski 2000) . Previous studies have shown that high dietary concentrations of ZO (inorganic mineral source) reduce postweaning pig mortality and diarrhea attributable to E. coli (King et al. 1995) . Pharmacological concentrations of ZO have been demonstrated as effective for reducing the incidence of diarrhea (Melin and Wallgren 2002) . Our study indicated that high-level traditional ZO or low-level coated ZO supplementation decreased feces E. coli counts, but not significantly. There is evidence suggesting that ZO exerts Note: Means within a column not sharing a lowercased letter differ significantly at the P < 0.05 level. SE, standard error. CON, basal diet; ZO, CON + 0.3% ZO; ZOM, CON + 0.3% ZO + 0.1% MOP; MZO, CON + 0.03% MZO; and MZOM, CON + 0.03% MZO + 0.1% MOP. Note: Means within a column not sharing a lowercased letter differ significantly at the P < 0.05 level. SE, standard error.
antimicrobial and immunoregulatory actions in the small intestine (Tran et al. 2003) , and may inhibit the growth of some intestinal bacterial species (Sawai 2003; Højberg et al. 2005) . Ou et al. (2007) suggested that supplementation with a high level of ZO reduced the incidence of diarrhea in weanling piglets due to decreasing expression of the stem cell factor in the small intestine by ZO supplementation. The pH value of gastrointestinal tract was reduced, advantageous to the absorption of intestinal nutrients and improved the gastrointestinal microbiota (Rosen 2007) . Organic acids have antibacterial and antifungal activities (Lavermicocca et al. 2003) . Burt (2004) and Cho et al. (2006) reported that essential oil, which has known antimicrobial function, can inhibit pathogens shedding in intestine. However, our results showed that added microencapsulated mixture (organic acids and essential oils) supplementation together with high-level traditional ZO or low-level MZO could significant reduce the population of feces E. coli, but there was no significant difference on Lactobacillus population. Roy et al. (2002) reported that organic acid could restrain the growth of pathogen, reduce the rate of diarrhea, and improve animal health; this is in line with our study that microencapsulated mixture of organic acid and essential oil together with traditional ZO or MZO could increase feces score and reduce the rate of diarrhea.
Feces zinc concentration
High zinc excretion in animal waste poses environmental challenges (Jondreville et al. 2003) . A greater bioavailability would result in better use by the pig and less excretion by the animal. In the current study, we found that low-level coated ZO led to a lower feces zinc level than pigs supplemented with 0.3% ZO, which may reduce the pollution of zinc excretion from animal production. And together, with microencapsulated mixture of organic acid and essential oil, could increased the utilization rate of zinc and reduced the discharge of zinc.
Conclusion
In conclusion, results indicated that supplementation with low level (0.03%) MZO has a better result on growth performance and ATTD of energy and decreases the zinc level in feces compared with high level (0.3%) traditional ZO. And, the ZO from traditional or microencapsulated together with 0.1% MOP has a better result on decreased feces E. coli shedding and increased utilization rate of zinc in weanling pigs.
